The TRP superfamily forms a functionally important class of cation channels related to the product of the Drosophila trp gene. TRP channels display an unusual diversity in activation mechanisms and permeation properties, but the basis of this diversity is unknown, as the structure of these channels has not been studied in detail. To obtain insight in the pore architecture of TRPV6, a Ca 2؉ -selective member of the TRPV subfamily, we probed the dimensions of its pore and determined pore-lining segments using cysteine-scanning mutagenesis. Based on the permeability of the channel to organic cations, we estimated a pore diameter of 5.4 Å. Mutating Asp 541 , a residue involved in high affinity Ca 2؉ binding, altered the apparent pore diameter, indicating that this residue lines the narrowest part of the pore. Cysteines introduced in a region preceding Asp 541 displayed a cyclic pattern of reactivity to Ag ؉ and cationic methylthiosulfanate reagents, indicative of a pore helix. The anionic methanethiosulfonate ethylsulfonate showed only limited reactivity in this region, consistent with the presence of a cation-selective filter at the outer part of the pore helix. Based on these data and on homology with the bacterial KcsA channel, we present the first structural model of a TRP channel pore. We conclude that main structural features of the outer pore, namely a selectivity filter preceded by a pore helix, are conserved between K ؉ channels and TRPV6. However, the selectivity filter of TRPV6 is wider than that of K ؉ channels and lined by amino acid side chains rather than main chain carbonyls.
The TRP superfamily consists of cation channels related to the product of the Drosophila trp (for transient receptor potential) gene (1, 2) . Based on sequence homology, the 21 mammalian TRPs can be subdivided into three subfamilies (3, 4) as follows: members of TRPC subfamily (the C stands for canonical) display the highest homology to Drosophila TRP, members of the TRPV subfamily are most homologous to the vanilloid receptor 1 (VR1, now TRPV1), and members of TRPM subfamily show the highest homology with melastatin (TRPM1). TRP channels are implicated in a variety of physiological processes, ranging from phospholipase C-and/or store-dependent Ca 2ϩ influx in most cell types to reabsorption of Ca 2ϩ and Mg 2ϩ in kidney and intestine, and detection of chemical and thermal signals in the sensory system (1, 2, 5, 6) . This functional diversity is reflected in a wide variety of biophysical properties and gating mechanisms among the different TRP family members and subfamilies.
Like voltage-gated K ϩ channels and cyclic nucleotide-gated channels, functional TRP channels are homo-and/or heteromers of four subunits, each containing six transmembrane (TM) 1 domains, cytoplasmic N and C termini, and a putative pore region between TM5 and TM6 (7) . However, in comparison with most other ion channel families, little is known about the structure of TRP channels, and the structural organization of their cation-selective pores is still poorly understood (8) . There is a striking variability in the permeation properties within the TRP superfamily, which includes channels that are rather nonselective for mono-and divalent cations (e.g. TRPV1) (9) , permeable for monovalent cations but impermeable for Ca 2ϩ (e.g. TRPM4 and TRPM5) (10, 11) , or highly selective for Ca 2ϩ over monovalent cations (TRPV5 and TRPV60 (12) (13) (14) . This variability contrasts with most other families of ion channels, where the differences in permeation properties within one family are generally small (15) . At present, the origin of these large differences in pore properties within the TRP superfamily is fully unknown.
The present study provides the first systematic analysis of the pore region of a member of the TRP superfamily. We focused on TRPV6, a channel that has been implicated in Ca 2ϩ reabsorption in the intestine and kidney (16) , which is an especially interesting model channel for two reasons. First, together with the highly homologous TRPV5, it displays by far the highest Ca 2ϩ selectivity reported for a TRP channel (12) (13) (14) . The permeability ratio for Ca 2ϩ over Na ϩ of Ͼ100 reported for TRPV5 and TRPV6 is comparable only to that of voltagegated Ca 2ϩ channels and the calcium release-activated calcium channel (CRAC) (15, 17) . Second, a stretch of 20 amino acids between TM5 and TM6 of TRPV6 displays ϳ40% sequence identity with a region in the bacterial K ϩ channel KcsA that, based on the KcsA crystal structure (18) , forms the pore helix and selectivity filter. Such a high degree of sequence identity with K ϩ -selective pores is only seen for members of the TRPV subfamily (8) and might point toward similarities in the structure of TRP and K ϩ channels. Two distinct approaches were used to obtain insight in the TRPV6 pore. First, we measured the permeability of the channel to cations of increasing size to estimate of the diameter of the channel pore at its narrowest point, and we identified mutants with altered pore diameter. Second, we made use of the substituted cysteine accessibility method (SCAM) (19) to identify pore-lining residues. Based on our findings, we propose a structural model that encompasses the position of residues determining the cation, size, and Ca 2ϩ selectivity of the TRPV6 pore.
EXPERIMENTAL PROCEDURES
Cell Culture, Transfection, and Mutagenesis-HEK-293 cells were grown in Dulbecco's modified Eagle's medium containing 10% (v/v) fetal calf serum, 2 mM L-glutamine, 2 units/ml penicillin, and 2 mg/ml streptomycin at 37°C in a humidity-controlled incubator with 10% CO 2 . They were transiently transfected with the pCINeo/IRES-GFP/mCaT1 vector (14) using methods described previously (20) , and electrophysiological recordings were performed between 8 and 24 h after transfection. Single amino acids in the pore region of TRPV6 were mutated to cysteines using the standard PCR overlap extension technique (21) , and the nucleotide sequences of all mutants were verified by sequencing of the corresponding cDNAs.
Coexpression of mutant and WT TRPV6 was obtained by mixing the corresponding vector DNAs in a 3 to 1 ratio. Assuming a random assembly of WT and mutant subunits, we predict that Ͼ99% of the tetrameric channels that are formed under these conditions contain at least one mutant subunit (7) . As under this condition no functional expression could be obtained for mutants L537C, D541C, and Y546C, we also tried other ratios of WT and mutant vector DNAs (1 to 1 and 1 to 3). However, this also did not yield any evidence for the incorporation of these three mutant subunits into a functional channel.
Electrophysiology-Transfected cells were identified by their green fluorescence when illuminated at 480 nm using the polychrome IV monochromator (T.I.L.L. Photonics, GmbH). Patch clamp experiments were performed in the tight seal whole-cell configuration at room temperature (20 -25°C), using an EPC-9 patch clamp amplifier and Pulse software (HEKA Electronics). Patch pipettes had DC resistances of 2-4 megohms when filled with intracellular solution. Series resistances were between 3 and 10 megohms and were compensated 60 -80%. Residual voltage errors due to uncompensated series resistances were generally Ͻ10 mV, and cells with larger voltage errors were omitted from the analysis. All potentials were corrected for possible liquid junction potentials, which were calculated according to Barry (22) . A 200-ms voltage ramp ranging from Ϫ150 to ϩ100 mV was applied at a frequency of 0.5 Hz from a holding potential of 0 mV. Currents were sampled at 10 kHz and filtered at 2.9 kHz using an eight-pole Bessel filter. The time course of the whole-cell current was obtained by averaging the inward current in a narrow voltage window around Ϫ80 mV. Current amplitudes in divalent cation-free solution (see below) measured in cells expressing WT TRPV6 or the different functional mutants used in this study were on average approximately 2 orders of magnitude larger (between 3 and 30 nA at Ϫ80 mV) than the background current in non-transfected cells (Ϫ73 Ϯ 8 pA at Ϫ80 mV; n ϭ 9). For that reason, background currents were not taken into account during analysis.
Solutions-The standard divalent cation-free (DVF) extracellular solution contained (in mM): 150 NaCl, 10 EDTA and 10 Hepes, titrated to pH 7.4 with NaOH. The permeability of ammonium and its mono-, di-, tri-, and tetramethyl substituents was tested using DVF solutions in which all Na ϩ was substituted by the respective cations. In these permeation experiments, the standard DVF solution was used as intracellular solution. To test the accessibility of substituted cysteines, MTSEA, MTSET, or MTSES (Toronto Research Chemicals) was added to the standard DVF solution from 100 mM stocks, which were prepared daily and kept on ice until usage. Because of the low solubility of AgCl, modification by Ag ϩ was tested in a modified, Cl Ϫ -free DVF solution, which contained 150 mM NaNO 3 instead of NaCl. AgNO 3 was added to this solution at concentrations of 1 or 10 M, which yields free Ag ϩ concentrations of 20 or 200 nM, respectively, taking into account the chelating action of EDTA. The intracellular solution for the cysteine modification experiments contained (in mM): 150 NaCl, 3 MgCl 2 , 10 EGTA and 10 Hepes, titrated to pH 7.4 with NaOH. When indicated, this solution was supplemented with 10 mM cysteine.
Data Analysis-Data analysis and display were done by using Microcal Origin software version 7.0 (OriginLab Corporation). Data are shown as mean Ϯ S.E. from at least four cells.
RESULTS

Determination of the Pore Diameter of WT TRPV6
and Location of the Narrowest Part of the Pore-To estimate the diameter of the TRPV6 permeation pore, we measured the relative permeability of organic monovalent cations of increasing size. These experiments were performed with EDTA-buffered divalent-free intra-and extracellular solutions to avoid the potent blocking of monovalent currents by Mg 2ϩ and Ca 2ϩ (14, 23, 24) , which would complicate accurate measurement of the reversal potential. With Na ϩ as the sole intra-and extracellular cation, TRPV6 currents reversed close to 0 mV and showed significant inward rectification, which has been shown previously to be an intrinsic property of the pore (24) . Subsequently, all Na ϩ in the extracellular solution was replaced by ammonium or its mono-, di-, tri-, or tetramethyl substituents (Fig. 1A) . Clear inward currents were recorded with ammonium (A ϩ ; diameter (a) ϭ 3.4 Å), monomethylammonium (MA ϩ ; a ϭ 3.6 Å), and dimethylammonium (DMA ϩ ; a ϭ 4.6 Å). We determined permeability ratios relative to Na ϩ (P X /P Na ) from the biionic reversal potentials (15) , which yielded values of 1.63 Ϯ 0.07, 0.49 Ϯ 0.03, and 0.09 Ϯ 0.01 for A ϩ , MA ϩ , and DMA ϩ , respectively. Trimethylammonium (TriMA ϩ ; a ϭ 5.2 Å) and tetramethylammonium (TetMA ϩ ; a ϭ 5.8 Å) failed to carry significant inward current and shifted the reversal potential to voltages more negative than Ϫ120 mV, indicating that the permeability of the channel to these cations is extremely low or zero (P X /P Na Ͻ 0.01). A similar negative reversal potential was obtained with the even larger N-methyl-D-glucamine (NMDG ϩ ; a ϭ 6.8 Å) as the sole extracellular cation.
It has been shown previously that the high Ca 2ϩ and Mg 2ϩ sensitivity of TRPV5 and TRPV6 is determined by a single aspartate residue (Asp 542 in TRPV5 and Asp 541 in TRPV6) in the pore region between TM5 and TM6 (24, 25) . As this negatively charged residue is most likely part of the selectivity filter, we tested whether mutations at this site influence the permeability of TRPV6 for large organic cations. Fig. 1B shows current-voltage relations with different extracellular monovalent cations for a mutant channel in which Asp 541 was substituted by an alanine (D541A). In contrast to wild type TRPV6, the D541A mutant supported clear inward currents carried by TriMA ϩ and TetMA ϩ . From the reversal potentials, we obtained P X /P Na values of 0.22 Ϯ 0.02 and 0.08 Ϯ 0.01 for TriMA ϩ and TetMA ϩ , respectively. Likewise, introducing a glycine at this position (mutant D541G) also made the pore permeable to TriMA ϩ and TetMA ϩ , with P X /P Na values of 0.27 Ϯ 0.03 and 0.15 Ϯ 0.02, respectively. Both D541A and D541G displayed negligible permeability to NMDG ϩ (P NMDG /P Na Ͻ 0.01). Introduction of an asparagine at this position (mutant D541N) did not significantly alter the permeability of the channel to the ammonium derivatives; TriMA ϩ and TetMA ϩ did not display measurable permeability, whereas the P X /P Na values for A ϩ , MA ϩ , and DMA ϩ were not significantly different from WT TRPV6 (Fig. 1C) . Fig. 1D plots the permeability ratios of the different cations versus their estimated diameter for WT TRPV6 and the D541A, D541G, and D541N mutants. Data points were fitted using the excluded volume Equation 1 (26) ,
where a is the cation diameter, and d the minimal pore diameter. The fit yielded a pore diameter of 5.4 Å for WT TRPV6. The same value was found for the D541N mutant, whereas significantly larger pore diameter estimates of 6.4 and 6.6 Å were obtained for the D541A and D541G mutants, respectively. Thus, replacement of Asp 541 by an alanine or glycine, which have a shorter side chain, induces an apparent enlargement of the pore diameter by ϳ1 Å. Replacement by an asparagine, whose side chain is of similar length as that of an aspartate, does not influence the pore diameter. These data demonstrate that Asp 541 is an important determinant of the molecular sieving properties of TRPV6 and indicate that the amino acid side chain at this position contributes to the narrowest part of the selectivity filter.
Accessibility of the Pore Region to Ag ϩ -Next, we performed a SCAM analysis to identify amino acids accessible to extracellularly applied water-soluble cysteine reagents. We concentrated on residues Pro 526 to Ala 547 in the TM5-TM6 linker (Fig.  2) , as this stretch of amino acids displays the highest degree of sequence homology with the bacterial K ϩ channel KcsA, in a region that forms the pore helix and selectivity filter. Cysteine substitutions were well tolerated in the region between Pro 526 and Ile 539 ; with the exception of L537C, all mutants in this region functionally expressed as Ca 2ϩ -selective channels and became permeable to monovalent cations upon omission of extracellular divalent cations. Mutants N545C and N547C also expressed as a functional cation channel. In contrast, mutants with cysteines introduced at positions 540 -544 and 546 were non-functional. We first tested the functional cysteine mutants for their sensitivity to extracellularly applied Ag ϩ . Chemically, Ag ϩ is a soft Lewis acid that reacts rapidly with the thiolate group of the cysteine side chain to form a strong covalent S-Ag bond (27 monovalent currents through wild type TRPV6 (Fig. 3A) and certain mutants (e.g. F536C; Fig. 3B ) were virtually insensitive, showing less than 5% change in current amplitude after 200 s of treatment with 200 nM Ag ϩ . Second, mutants such as S531C (Fig. 3C ) reacted rapidly with Ag ϩ at a concentration of only 20 nM, resulting in a full block of monovalent currents within 10 s. Third, mutants such as L535C (Fig. 3D) clearly reacted with Ag ϩ but at a much slower rate. Finally, mutants P526C and M527C (Fig. 3E ) displayed a clear biphasic response to Ag ϩ . In order to obtain functional expression of the silent cysteine mutants, we coexpressed them together with WT TRPV6. This approach has previously been successfully used to obtain functional Shaker K ϩ channels with cysteines introduced at critical sites in the pore (28) . No sizeable currents could be measured from cells coexpressing WT TRPV6 and either L537C, D541C, or Y546C, indicating that cysteines introduced at these positions have a dominant negative effect on channel activity. Alternatively, these mutants might somehow interfere with the targeting of functional channels to the plasma membrane. In contrast, robust currents could be measured from cells expressing WT TRPV6 together with the four other silent mutants (I540C, G542C, P543C, and A544C). In all four cases, these currents were sensitive to Ag ϩ (e.g. A544C; Fig. 3F ), demonstrating the reaction between Ag ϩ and cysteine residues in the context of a functional heterotetrameric channel consisting of both WT and mutant subunits. Fig. 4A summarizes the inhibitory effects of Ag ϩ on wholecell currents through WT TRPV6 and the different mutant channels. To further quantify the reactivity of the introduced cysteines, we calculated the second-order reaction rate constant for inhibition by Ag ϩ according to Equation 2,
where is the time constant obtained by fitting an exponential function to the time course of current inhibition by Ag ϩ (Fig.  4B) . Two k Ag values are shown for P526C and M527C, corresponding to the fast and slow phase of Ag ϩ inhibition. For mutants that did not show significant inhibition after treatment with 200 nM Ag ϩ for 200 s, k Ag was set to zero. Note that the fastest rates (Ͼ10 7 M Ϫ1 s Ϫ1 ) may be an underestimate of the actual reaction speed, as ϳ1 s was needed to fully replace the bathing solution surrounding the patch-clamped cell with Ag ϩ -containing solution.
In the crystal structure of KcsA, residues 63-75 form an ␣-helical structure, which constitutes the pore helix (18) . Fig.  4C shows a helical wheel representation of the corresponding residues in TRPV6 (Pro 526 to Thr 538 ), assuming a classical ␣-helical structure with 3.6 amino acids per turn. Strikingly, all residues that rapidly react with Ag ϩ are on the same side of the helix, whereas the non-exposed residues are clustered on the opposite side. From these data we infer that residues Pro 526 to Thr 538 form an ␣-helical pore helix.
Accessibility of the Pore Region to Cationic MTS Reagents-
The positively charged MTSEA and MTSET attach, respectively, -SCH 2 CH 2 NH) 3 ϩ or -SCH 2 CH 2 N(CH 3 ) 3 ϩ groups to free sulfhydryls (19) . MTSEA and MTSET have a more or less cylindrical shape and contain polar heads that are 3.6 and 5.8 Å in diameter, respectively. To investigate the accessibility of substituted cysteines residues in the pore region to these larger modifying agents, we applied MTSEA and MTSET to the bath solution and looked for modification of the monovalent current through WT TRPV6 and the different cysteine mutants.
Currents through WT TRPV6 (not shown) and certain mutants (e.g. F536C; Fig. 5A ) were virtually insensitive to MTSEA or MTSET, showing less than 5% change in current amplitude after 200 s of treatment with 1 mM of these reagents. Other mutants (e.g. F530C; Fig. 5B ) reacted rapidly with both MTSEA and MTSET, resulting in a complete and irreversible block of the current. Fig. 5E summarizes the effects of the two cationic MTS reagents for the different mutants. For residues 526 -536, the inhibitory effects of both cationic MTS reagents were similar and correlated well with the reactivity to Ag ϩ ; mutants that were insensitive to Ag ϩ (L529C, T532C, and F536C) showed no reactivity to MTSEA or MTSET, whereas mutants that reacted rapidly to Ag ϩ treatment (e.g. M527C, F530C, and S531C) were also highly sensitive to MTSEA and MTSET (compare Figs. 4 and 5E ). The reactivity to MTS was also fully consistent with the postulated pore helix (Fig. 4C) . However, cysteines introduced at residues 538 and 539 displayed clear differences in reactivity to Ag ϩ , MTSEA, and MTSET. Currents through mutant T538C were only marginally affected by MTSET but were rapidly blocked by MTSEA and Ag ϩ (Fig. 5 , C and E, and Fig. 4 ). Currents through I539C were insensitive to both cationic MTS reagents (Fig. 5E ) but fully blocked by Ag ϩ (Fig. 4) . The finding that the reactivity of T538C and I539C is inversely correlated to the size of the thiol reagents indicates that access to these residues is limited by steric factors. One possibility is that residues 538 and 539 are located beyond the narrowest part of the selectivity filter, facing the intracellular part of the pore. It is unlikely that extracellularly applied MTSET can reach residues past the selectivity filter; MTSET is virtually membrane-impermeable and its trimethylammonium head group is too large to cross the narrowest part of the TRPV6 pore. In contrast, it has been shown that MTSEA can permeate lipid bilayers and react with residues on the opposite side of the membrane to which they were applied (29) . On the other hand, Ag ϩ is similar in size to Na ϩ and K ϩ , strongly suggesting that it can permeate the channel pore. To test whether the inhibition of T538C by MTSEA occurs from the internal side of the membrane, we performed experiments with 10 mM cysteine in the pipette solution to scavenge any MTSEA that might have crossed the membrane (29) . Under this condition, the sensitivity of Thr 538 to external MTSEA was strongly reduced (Fig. 5D) . From this we conclude that the cysteine residue at position 538 is only accessible from the internal side, and that reaction with external MTSEA only occurs after permeation of the plasma membrane.
We also tested the effect of MTSEA and MTSET on the cysteine mutants I540C to A544C, which only expressed as part of a heterotetrameric complex with WT TRPV6 (see above). For channels containing P543C or A544C subunits, addition of extracellular MTSEA or MTSET led to almost full inhibition of Na ϩ current (Fig. 5E ). In contrast, heterotetrameric channels containing I540C were insensitive to MTSEA or MTSET (summarized in Fig. 5E) . Surprisingly, treatment of channels consisting of G542C and WT TRPV6 subunits with MTSEA or MTSET resulted in a rapid increase of the inward current at Ϫ80 mV (Figs. 5E and 6A increase in inward current, we observed a striking change in the shape of the current-voltage relation: the modified channels carried significantly more outward current, and the negative slope conductance at potentials more negative than Ϫ100 mV disappeared (Fig. 6B) . We have shown previously that the strong inward rectification and voltage-dependent gating of TRPV6 are caused by a voltage-dependent block of the channel pore by intracellular Mg 2ϩ and that Asp 541 determines the Mg 2ϩ affinity of the pore (24) . As a consequence, removal of intracellular Mg 2ϩ or neutralization of the negative charge at position 541 eliminates the negative slope conductance at potentials more negative than Ϫ100 mV and causes a significant increase of outward current (24) . A possible explanation for the change in the current-voltage relation of G542C-WT channels upon reaction with MTSET or MTSEA could therefore be that attachment of a positively charged side chain at position 542 causes a significant decrease of sensitivity of the pore to internal Mg 2ϩ . It should be noted here that treatment with the different thiol reagents did not induce significant changes in the shape of the current-voltage relation of any of the other cysteine mutants tested in this work (data not shown).
Accessibility of the Pore Region to the Negatively Charged MTS Reagent MTSES-To examine charge selectivity in the TRPV6 pore, we tested the sensitivity of the different cysteine mutants to the anionic MTS reagent MTSES. MTSES, which has similar dimensions as MTSET, attaches a -SCH 2 CH 2 SO 3 Ϫ group to free sulfhydryls (19) . Only mutant M527C showed clear reactivity to MTSES. Treatment of M527C with 1 mM MTSES caused a rapid increase of the inward current amplitude by 30.0 Ϯ 7.4% (Fig. 7A) , without changing the shape of the current-voltage relation (Fig. 7B) . Possibly, attachment of one or more negative side chains at position 527 might attract more cations to the outer mouth of the pore and thereby increase current flow through the channel. Subsequent addition of Ag 2ϩ still caused a reduction of the current amplitude (Fig.  7A ), but inhibition of the MTSES-pretreated mutant was incomplete and developed slower than the non-pretreated channel (dotted line in Fig. 7A ). All other cysteine mutants were virtually insensitive to MTSES, showing less than 5% change in current amplitude after 200 s of treatment with up to 10 mM MTSES (data not shown). The observation that several MTSET-sensitive mutants are insensitive to the equally sized MTSES indicates the presence of a charge selectivity mechanism that prevents access of the anionic MTSES to these residues in the pore.
DISCUSSION
In this work we present the first systematic analysis of the structure of the pore of a TRP family member. We analyzed the pore of TRPV6, a Ca 2ϩ -selective channel that is highly expressed in Ca 2ϩ -transporting epithelia in the intestine and kidney as well as in several exocrine tissues (16, 30) . By comparing the permeability of large organic cations, we estimated a pore diameter of 5.4 Å. Mutants D541A and D541G but not D541N had a significantly larger pore diameter, indicating that the length of the amino acid side chain at position 541 determines the narrowest passage of the TRPV6 pore. Subsequently, we applied a SCAM analysis to a stretch of 22 amino acids in the TM5-TM6 linker, to identify residues that project their side groups into the channel pore. We obtained functional expression of 19 cysteine mutants, either alone or as part of a het- erotetramer with WT subunits, and we found that 16 of them reacted with one or more thiol reagents.
Based on our present data and on the sequence homology with the bacterial KcsA channel (Fig. 2) , we propose the following model for the pore of TRPV6 (Fig. 8 ). In this model residues Pro 526 to Thr 538 , which display a cyclic reactivity pattern to cationic reagents (see Fig. 4 ), form a pore helix analogous to the crystal structure of KcsA (18) . Reactivity to the anionic MTSES is restricted to M527C, suggesting the presence of a cation-selective filter at the N-terminal part of the pore helix. We propose that residues Ile 540 to Ala 544 form a non-helical selectivity filter with an estimated diameter of 5.4 Å at its narrowest point. Two experimental findings indicate that the selectivity filter is lined by amino acid side chains. First, substituting an alanine or glycine for Asp 541 resulted in a significant broadening of the estimated diameter, indicating that the amino acid side chain at this point sticks out into the pore and determines its narrowest passage. Second, cysteines introduced at positions 540 -544 reacted rapidly with MTS reagents and/or Ag ϩ , indicating that their thiol groups protrude into the water-filled pore. According to the model, residues Thr 538 to Ile 540 are located intracellularly with respect to the narrowest part of the pore, analogous to the corresponding residues in K ϩ channels, which are facing the top of the central cavity and determine binding of intracellular blockers such as triethylammonium (31) . This is in line with our finding that mutants T538C to I540C readily react with Ag ϩ , which is small enough to rapidly cross the narrowest part of the selectivity filter, but show no reactivity to the bulky, membrane-impermeant MTSET. The observation that reaction of T538C with MTSEA is strongly impaired by intracellular cysteine (Fig. 5, C  and D) is also fully consistent with an intracellular location of residue 538.
Selectivity in K ϩ channels is generated by a narrow selectivity filter formed by main chain carbonyl oxygens, in which dehydrated K ϩ ions are tightly coordinated (18, 32) . Our present data indicate that such a principle does not hold true for Ca 2ϩ selectivity in TRPV6. Indeed, our findings indicate that the selectivity filter of TRPV6 is lined by amino acid side chains rather than by main chain carbonyls. Moreover, the pore diameter is more than twice the diameter of a dehydrated Ca 2ϩ ion (2.0 Å), which seems to exclude a tight coordination of Ca 2ϩ ions in the selectivity filter. In this context, it is also interesting to note the relatively large differences in estimated pore diameter between different types of Ca 2ϩ -selective channels. The estimated diameter of the TRPV6 pore (5.4 Å) is significantly smaller than the estimate for L-type (Ca V 1.x) channels (6.2 Å (33)), comparable with the estimate for T-type (Ca V 3.x) channels (5.1 Å, (33)), and significantly higher than the estimates for CRAC (3.8 Å in Jurkat cells and 3.2-5.5 Å in RBL cells (34, 35) ). Thus, Ca 2ϩ selectivity can be achieved with a broad range of pore diameters, implying that molecular sieving is not the main mechanism underlying the selectivity of Ca 2ϩ channels. One possibility is that Ca 2ϩ -selective pores are flexible and able to constrict in the presence of Ca 2ϩ , such that the negatively charged side chains in the selectivity filter (i.e. Asp 541 in TRPV6 or the ring of four glutamates in high voltage-activated Ca 2ϩ channels) are able to tightly coordinate one or more Ca 2ϩ ions. It should be noted that our present experimental results refer only to residues of the TM5-TM6 linker, which according to our model constitute the outer mouth and selectivity filter of the pore, and give no information about the intracellular part of the pore. In K ϩ channels, intracellular K ϩ ions pass through a relatively wide cavity before reaching the selectivity filter, and this inner cavity is mainly lined by residues from the transmembrane domain that follows the P region (i.e. TM2 in KcsA and inwardly rectifying K ϩ (Kir) channels, and TM6 in voltagegated K ϩ (Kv) channels (18, 32, 36, 37) ). It will be of great interest to investigate whether the pore of TRPV6 contains an inner cavity lined by residues from TM6.
An important question is whether the results from the present study and the proposed pore architecture can be extrapolated to other TRP channels. This is undoubtedly the case for TRPV5, as both channels have highly similar pore properties and display more than 90% sequence identity in the pore region (14) . Likewise, homology between TRPV6 and the four other mammalian TRPVs is relatively high in the TM5-TM6 linker, suggesting that TRPV1 to TRPV4 might also have a comparable pore architecture. In agreement herewith, we and others FIG. 8 . Model for the TRPV6 pore region, based on the KcsA structure. Views of the structure are shown, looking sideways at two opposite subunits (left) or looking down from the external solution to the complete homotetrameric channel. At the narrowest point, formed by the acidic side chain of Asp 541 (orange), the pore has a diameter of 5.4 Å. Blue residues correspond to the residues in TM5 and TM6 (TM1 and TM2 in KcsA), whose accessibility was not tested in this study. Amino acids that were subjected to SCAM analysis (residues Pro 526 to Asn 547 ) are colored in green, yellow, red, or gray: residues in red reacted rapidly to Ag ϩ (reaction rate Ͼ5 ϫ 10 6 M Ϫ1 s Ϫ1 ), residues in yellow reacted with Ag ϩ at a rate Ͻ5 ϫ 10 6 M Ϫ1 s Ϫ1 , and residues in green did not show significant reactivity to Ag ϩ . Residues where cysteine substitution resulted in non-functional channels are colored in gray. The figure was prepared using DS ViewerPro 5.0 (Accelrys Inc.), based on the coordinates of KcsA (18) .
have shown that mutations in residues that correspond to the selectivity filter of TRPV1 and TRPV4 indeed alter pore properties such as Ca 2ϩ permeability and ruthenium red block (38, 39) . The applicability of our results to members of TRPC or TRPM subfamilies is much more questionable. The TM5-TM6 linker region of TRPC and TRPM channels is significantly longer than that of TRPV channels and displays only marginal homology with the pore region of TRPV6 or K ϩ channels (8) . Moreover, mutations that alter basic pore properties have not yet been described for TRPC or TRPM channels, which makes it currently impossible to draw conclusions about the location of the selectivity filter or pore helical structures of TRPC/ TRPM channels.
In conclusion, based on pore sizing experiments and SCAM analysis, we provide a structural model of the outer pore of TRPV6. Our results indicate that the main structural features of K ϩ channels, namely a pore helix followed by a non-helical loop that forms the selectivity filter, are conserved in TRPV6. However, our data also point to some crucial differences between TRPV6 and K ϩ channels; the selectivity filter of TRPV6 is significantly larger than that of K ϩ channels and is lined by amino acid side chains rather than by main chain carbonyls. The results from our study provide the first detailed view of a Ca 2ϩ -selective member of the TRP superfamily, and may form the basis of future studies aimed at the unraveling of the exact mechanisms underlying cation conduction and gating of TRP channels.
